The Mhlathuze River has become a major reservoir for antibiotic-resistant microbes and a wide pool of antibiotic resistant genes with the environmental isolates exists in this water system. The ability of commensal organisms to carry resistant genes of clinical importance and their ability to transfer such genes to other bacteria are of greater concern than phenotypic measurements. Forty-three Enterobacteriaceae isolates, which were capable of resisting more than 4 different classes of antibiotics, were used for the molecular characterisation of antibiotic resistances. It was found that 58% of these multiple antibiotic-resistant isolates possess the Class 1 integron. Amongst these 25 isolates with positive detection of the Class 1 integron, the beta-lactamase gene (pse) was the most common, being present in 44% of these integrons. The aminoglycoside-resistant gene was detected in 16% of these integrons and 24% of Class 1 integrons contained two genes coding for sulphonamide resistance and for quaternary ammonium compounds resistance. A high degree of genotypic diversity and the lack of correlation between antimicrobial resistance patterns and molecular types of the isolates suggest convergent acquisition of resistance determinants by genetically unrelated strains rather than epidemic spread of resistant isolates in the community. Of the tested environmental isolates, 56% transferred their plasmids as well as their antibiotic resistance profiles to the recipient cells. The possibility of transmission of resistant genes between bacteria (especially pathogenic) which invade human and animal populations within this river poses a health risk to the communities who are dependent on this river for water consumption.
Introduction
The Mhlathuze River in northern KwaZulu Natal, South Africa, flows into the estuary at Richards Bay and supports a rapidly growing agricultural and industrial community (Steyl et al., 2000) . The results of the microbiological evaluation of this river (Bezuidenhout et al., 2002; Lin et al., 2004a) show high levels of total and faecal coliform contamination. The majority of the Enterobacteriaceae isolates from this water system also carry antibiotic-resistant gene(s) especially the β-lactamase genes (Lin et al., 2004b) . Ash et al. (2002) and Park et al. (2003) also reported that several rivers in the USA as well as in South Korea have become major reservoirs for antibiotic-resistant microbes. A strong correlation (r=0.97) of antibiotic-resistance profiles between the clinical and the environmental isolates was observed in this region suggesting a strong link between diarrhoeal incidence and water quality (Lin et al., 2004b) .
Given the propensity of the Enterobacteriaceae family and clinically significant bacteria to acquire antimicrobial resistance, consistent surveillance of the agents commonly prescribed to treat infections arising from these organisms is imperative (Sahm et al., 2000) . These organisms could create a widespread antibiotic-resistant gene pool. These genes could be transferred into human and animal disease organisms (Kruse and Sorum, 1994) , which subsequently could generate significant health and economic impacts.
Antibiotic-resistant genes are carried on either chromosomes or mobile genetic elements e.g. plasmids; integrons, etc. These mobile gene elements with antibiotic-or metal-resistant genes can be transferred between different species through transformation, conjugation and transduction (Madigan et al., 2003) . It is therefore important to track antibiotic-resistant genes in a variety of commensal, pathogenic and environmental bacteria in order to measure the environmental pool of resistance and to understand the ecology of antibiotic resistance (Aminov et al., 2001; Goni-Urriza et al., 2000) . Aquatic (river) ecosystems are ideal since they may support a wide array of micro-organisms e.g. indicator organisms, faecal and total coliforms, pathogens, animal and human, commensals, human and animals as well as environmental bacteria.
Until recently, studies on antibiotic resistance were only concerned with the collection of phenotypic data. However, in order to study the environmental pool of resistant genes and to understand the molecular ecology of antibiotic resistance the development of genotyping tools is indispensable (Aminov et al., 2001) .
Drug resistance especially multiple-drug resistance (MR) in enteric organisms is often associated with integrons. Integrons generally contain an integrase gene (intI) and a cassette integration site (attI), into which antibiotic-resistant gene cassettes have integrated. A gene cassette contains an antibiotic resistance gene and a 59 base pair (bp), a short inverted repeat element with a recombination site. Four classes of chromosomal and plasmidborne integrons in gram-negative bacteria have been described (Bass et al., 1999) . Class 1 integrons are the most common and have been found primarily in complete or truncated derivatives of the Mu-like transposon Tn402, which resides in a wide range of host plasmids or within Tn21. They generally contain the qua-ISSN 0378-4738 = Water SA Vol. 31 No. 2 April 2005 ternary ammonium compound resistance gene qacE∆ and the sulphonamide-resistant gene sull in the 3' conserved region. The 5' and 3' regions flank gene cassettes, which contain single or multiple antibiotic-resistant gene(s). The integron acquires or exchanges antibiotic-resistant genes with its specialized recombinase (Bass et al., 1999) . These genetic elements are responsible for linking antibiotic-resistant genes together to form large multiple loci of antimicrobial resistance within the genome. This paper reports on the microbial diversity and the stability of antibiotic-resistance conferring genes of the environmental isolates in the Mhlathuze River, KwaZulu-Natal.
Materials and methods

Isolation of bacteria
All water samples were collected from 5 different sites along the Mhlathuze River from March 2001 to January 2002 and analyzed within 6 h of collection as described in the previous report (Lin et al., 2004a,b) .
A series of tenfold dilutions of the water samples from different sites were inoculated into different varieties of media (nutrient agar, TSA, R2A, m-Endo and mFc). Plates were incubated for a 2-week period at 25°C, 37°C and 44°C as described by the manufacturer. The plates were monitored everyday. The colonies with the distinct morphology from different media plates were randomly selected for further identification. The isolates were then identified using Gram stain and biochemical reactions (Standard Methods, 1998) and confirmed by API strips applied according to the manufacturer's instructions (BioMerieux, France).
Of 113 environmental isolates belonging to the Enterobacteriaceae family, 43, which were resistant to more than 4 different classes of antibiotics (Lin et al., 2004b) , were used for the genetic study.
DNA isolation
Total DNA isolation of each micro-organism from the environmental sample was obtained using the heat-lysis method (Sandvang et al., 1997) . The plasmid extraction was performed using the GFX TM Micro plasmid Preparation Kit (Roche). The DNA profile of the plasmid from the isolates was analysed on a 0.7 % agarose gel (stained with ethidium bromide) to determine their sizes.
Enterobacterial repetitive intergenic consensus (ERIC) profiles of the Enterobacteriaceae isolates
The PCR amplifications were performed using the method of Versalovic et al. (1994) with ERIC2 primer (5'-AAGTAAGT-GACTGGGGTGAGCG-3'). The PCR conditions for all experiments were 94°C for 4 min, followed by 35 cycles of 94°C for 1 min, 35°C for 60 s and 72°C for 2 min and finally for 4 min at 72°C. All ERIC products were analyzed using 1% agarose gel and recorded by SynGene Gel Documentation system.
Detection of the Class 1 integron and the antibioticresistant genes associated with the Class 1 integron
Different sets of primers were used in this study. The presence of the Class 1 integron was screened with a primer set of int1F and sul1B. (Dalsgaard et al., 1999) Positive samples were then used to amplify the fragment of the variable region of the integron with a primer set of int1F and int1B. The Class 1 integron PCR products were purified using Qiagen PCR product purification kit (Roche). The purified product was used as a template for the detection of beta-lactam-resistant gene (pse) (Naas et al., 1999) , aminoglycoside-resistant gene (ant'3), the quaternary ammonium compound-resistant gene (qac∆E1) and the sulphonamide-resistant gene (sul1) (Dalsgaard et al., 1999) . The PCR conditions for all integron experiments were 94°C for 5 min, followed by 35 cycles of 94°C for 1 min, 65°C for 30 s and 72°C for 2 min and finally for 5 min at 72°C. All PCR products were analyzed on agarose gel (1%). The gels were stained with ethidium bromide and visualised under UV light. A molecular mass size marker was also loaded on the gel for band size determination.
Conjugation experiments
Conjugation was carried out for 16 isolates representative of the different antibiotic resistance patterns (10 E.coli; 3 Klebsiella spp.; 2 C.freundii and 1 S. marcesens) using the double selection method described by Govender (2002) .
Antibiotic sensitivity/resistance patterns of the trans-conjugants were determined and compared to those of the donors (environmental isolates) prior to conjugation. Plasmid DNAs were extracted from the successfully conjugated isolates. Molecular mass of the purified plasmids was determined using gel electrophoresis with 0.7% agarose gel.
Results
All common micro-organisms found in the freshwater environment were isolated using a variety of media, minimal salt agar, R2A, at room temperature and identified during the study. These micro-organisms which included E. The micro-organisms which were isolated from the nutrient agar, m-Endo at 37°C and mFC plates at 44°C included mainly Enterobacteriaceae, Pseudomonas spp. and Aeromonas hydrophila. The Proteus spp. were only isolated from the Richards Bay Estuary. The populations of E. coli and C. freundii were usually small in the estuary while Klebsiella, Pseudomonas/ Aeromonas and Enterobacter spp. were well-distributed at all five sites. No pathogenic E. coli strains or other water-borne pathogens, such as Vibrio cholerae and Salmonella spp., were detected in the samples from the Mhlathuze River during the study period.
The ERIC profiles of E. coli and C. freundii isolates with multiple antibiotic resistances are shown in Figs. 1A and 1B. The results clearly reviewed the genetic diversity of the environmental isolates of the Mhlathuze River.
Of the 43 Enterobacteriaceae isolates that were used for the molecular characterization of antibiotic resistances, 25 yielded PCR products with the general integron 1 primer set. The size of the integrons ranged from 0.8 to 2.0 kb. Some of the isolates contained more than one copy of Class 1 integron of different sizes. These PCR products were purified and used to quantify the integrons with sets of diagnostic primers. The beta-lactamase gene was the most common, being present in 44% of the integrons. The aminoglycoside-resistant gene was present in 16% of the Class 1 integrons. Two genes (sul1 and the qac∆E1 coding for sulphonamide resistance and quaternary ammonium compounds resistance, respectively) were detected in 24% of these integrons. However, there was no clear correlation between anti-biotic resistance patterns and the integron/gene profiles.
In the conjugation experiments, 6 of 10 E.coli, 2 of 3 Klebsiella spp. and 1 of 2 C. freundii were successfully transferred to recipient cells. Antibiotic resistance patterns of the trans-conjugants were the same as those of the donors (environmental isolates) with the exception of one E. coli isolate 12/031201. This E. coli isolate developed resistance to nalidixic acid after the conjugation process. The plasmids, which were trans-congugated from the donors to the recipient cells, were about 10 Kb in size.
Discussion
Most of the micro-organisms isolated from the Mhlathuze River are frequently found in the river water and soil. These microorganisms are mostly involved in the cycles of carbon, nitrogen and sulphur compounds (Madigan et al., 2003) .
Enterobacteriaceae, Pseudomonas spp. and Aeromonas hydrophila were commonly isolated using nutrient agar, m-Endo at 37°C and mFC agars at 44°C. (Goni-Urriza et al., 2000) Aeromonas hydrophila, is associated with gastroenteritis and Pseudomonas aeruginosa, on the other hand, reportedly affects patients that are either immuno-compromised or have metabolic or haematological disorders (Pearson et al., 2000) . The presence of opportunistic pathogens including Klebsiella spp. may have serious implications for the consumers of the river water, especially young children, the elderly and those infected with HIV/AIDS. According to statistics of the Department of Health of South Africa, KwaZulu-Natal Province has an HIV prevalence rate of 32.5%, the highest in South Africa. In 1999 30% of the state hospital bed space in the Jozini/Empangeni region was occupied by HIV patients (KZN, 1999) .
The results of the ERIC profiles of the Enterobacteriaceae isolates from the Mhlathuze River strongly suggest that the Enterobacteriaceae isolates possess a high degree of genetic diversity within the same species in this area.
The majority of the Enterobacteriaceae isolates from this water system exhibited resistance to the presence of antibiotics (Lin et al., 2004b) . The fact that these organisms could create a widespread antibiotic-resistant gene pool and the ability of micro-organisms especially the pathogenic organisms to acquire new resistance genes through horizontal transfer (Bunny et al., 1995) , can subsequently have detrimental consequences for the health system and the economics of the Province. It is therefore important to track antibiotic-resistant genes in a variety of commensal, pathogenic and environmental bacteria in order to measure the environmental gene pool of resistance and to understand the molecular ecology of antibiotic resistance. (Aminov et al., 2001; Goni-Urriza et al., 2000) .
Drug resistance especially multiple-drug resistance (MR) in enteric organisms is often associated with integrons, especially the Class 1 integron. Fifty-eight percent of MR enteric bacterial isolates in this study possessed the Class 1 integron, which is much higher than that reported by Park et al. (2003) who showed that 24% of 150 coliform isolates contained the Class 1 integron.
The results from this study show that some isolates possessed more than one copy of the Class 1 integron which varied in size. These findings are supported by Daly and Fanning (2000) who found two replicas of the Class 1 integron with different molecular masses present in one bacterial isolate. The integron sizes vary depending on how many cassettes are inserted adjacent to the integrase gene.
Amongst the 25 isolates with positive detection of the Class 1 integron, the beta-lactamase gene (pse) was the most common being present in 56% of these integrons. The aminoglycosideresistant gene (ant'3) was found in 16% of the integrons. However, there was no clear correlation between antibiotic resistance patterns and the integron/gene profiles as reported by Park et al. (2003) . Park et al. (2003) suggest that in the absence of sustained antibiotic pressures, such as the natural environment, coliform bacteria may carry empty or non-functional Class 1 integrons.
In the science of antibiotic resistance, the mutation rate is frequently defined as in vitro frequency at which defective mutants arise in a bacterial population in the presence of a given antibiotic concentration (Collin and Hall, 1995) . Therefore phenotypic data report only selectively favourable bacterial mutations. The problem is complicated by the fact that the phenotype does not always reflect the same genotype in all "selected" mutants, because mutations in different genes can produce similar antibiotic-resistant phenotypes. A number of factors, e.g. cassette position, affect the level of expression of antibiotic-resistant genes in integron-associated cassettes. Collis and Hall (1995) reported that the expression of genes was greatest when the cassette was proximal to the promoter and reduced by the presence of preceding cassettes. This is because the efficiency of translation could be affected by the presence of upstream cassettes. Loss of upstream cassettes led to an increase in the resistance conferred by the gene. Another factor that might influence the level of expression of antibiotic-resistant genes is the copy number of the plasmid. All these factors may be significant not only in the maintenance but also in the spread of antibiotic resistance between environmental and clinical bacteria.
The results of this study show that a pool of antibiotic-resistant genes exists within this water system. The difference in integron sizes and random distribution of the integrons across different genera indicates the possibility of horizontal gene transfer within this river system. A high degree of genotypic diversity and the lack of correlation between antimicrobial resistance patterns and molecular types of the isolates suggest convergent acquisition of resistance determinants by genetically unrelated strains rather than epidemic spread of resistant isolates in the community.
With the ability to transfer amongst different bacterial spe- E. coli (1: isolate 6/181601; 2: 15/141101; 3: 9/101001; 4: 9/031201 and 5: 12/031201) and (B) C. freundii (1: 4/031201; 2: 5/031201; 3: 3/101001; 4: 8/241001; 5: 2/180601; 6: 3/210102; 7: 8/141101; 8: 2/101001; 9: 10/260301; 10: 6/031201; 11: 3/010801; 12: 7/141001) cies, mobile genetic elements (i.e. integrons and plasmids) have the capacity to disseminate antibiotic resistance within bacteria in the aquatic environment. In this study, conjugation was successful in 56% of the cases studied. The antibiotic resistance profiles of those trans-conjugant cells were the same with those of donors with the exception of one E. coli trans-conjugant. Three main mechanisms of gene transfer, namely transformation, transduction and conjugation, occur naturally in aquatic environments. (Madigan et al., 2003) Aquatic environments are reservoirs for a large gene pool of bacterial DNA. Extracellular DNA can be derived from dead and viable cells. Many viable cells release DNA without cell lysis suggesting that a release of genetic materials may be a normal function of bacteria. In the aquatic environment, free or bound DNA may be moved by percolation of water, flows of air, water or dust. The half-life of free DNA is longer in aquatic environments (0.017 to 235 h) compared to that in terrestrial environments (9.1 to 28.2 h) (Yin and Stotzky, 1997). In the natural environment, the presence of stressors, e.g. antibiotics, heavy metals, decreased nutrient levels, microbial competition for the available space and nutrients, etc. are capable of inducing a physiological state of competence in bacterial cells "enabling" the bacteria to actively take up DNA from the environment.
Figure 1 Examples of ERIC profiles of (A)
Conclusion
From the results of this diverse study one can conclude that there exists a pool of resistance genes within the Mhlathuze River. Commensal bacteria are important reservoirs of antibiotic-resistant genes. The ability of commensal organisms to carry resistant genes of clinical importance and their ability to transfer such genes to other bacteria are of greater concern than phenotypic measurements. This suggests the possibility of transmission of resistant genes from the commensal organisms to pathogenic organisms. This calls for studies to determine the extent to which transmission of antibiotic-resistant bacteria occurs and the extent to which such transfer impacts on the efficacy of antibacterial use in human medicine. The possibility of transmission of resistance genes between bacteria (especially pathogenic bacteria) which invade human and animal populations within this river poses a health risk to the communities who are dependent on this river for water consumption.
